In their natural habitat, the peripheral nerve, Schwann cells (SCs) form nicely aligned pathways (also known as the bands of Bü ngner) that guide regenerating axons to their targets. Schwann cells that are implanted in the lesioned spinal cord fail to align in pathways that could support axon growth but form cellular clusters that exhibit only limited intermingling with the astrocytes and meningeal cells (MCs) that are present in the neural scar. The formation of cell clusters can be studied in cocultures of SCs and MCs. In these co-cultures SCs form cluster-like non-overlapping cell aggregates with well-defined boundaries. There are several indications that neuropilins (NRPs) play an important role in MC-induced SC aggregation. Both SCs and MCs express NRP1 and NRP2 and SCs express the NRP ligands Sema3B, C and E while MCs express Sema3A, C, E and F. We now demonstrate that in SC-MC co-cultures, siRNA mediated knockdown of NRP2 in SCs decreased the formation of SC clusters while these SCs maintained their capacity to align in bands of Bü ngner-like columnar arrays. Unexpectedly, knockdown of NRP1 expression resulted in a significant increase in SC aggregation. These results suggest that a reduction in NRP2 expression may enhance the capacity of implanted SCs to interact with MCs that invade a neural scar formed after a lesion of the spinal cord.
Introduction
In 1980 and 1981, two studies reported significant regenerative growth of injured central nervous system fibers into peripheral nerve segments that were implanted in the lesioned rat spinal cord [1, 2] . It is now generally accepted that Schwann cells (SCs) are responsible for promoting axonal regeneration into peripheral nerve implants [3, 4] . The observations of Aguayo and Richardson and colleagues led to a new area of spinal cord injury (SCI) research which focused on understanding the pro-regenerative properties of SCs.
SCs can be readily obtained from peripheral nerves and can be expanded in culture. This allows autologous transplantation and makes them suitable cells for clinical transplantation strategies [5, 6] . Numerous studies have reported beneficial effects of SCs after implantation in the injured spinal cord, including increased axonal regeneration, remyelination of nerve fibers, decreased tissue loss and modest functional improvements [3, 5, [7] [8] [9] [10] [11] [12] [13] .
After implantation in the lesioned spinal cord, SCs exhibit only limited migration and intermingling with host spinal cord cells [14] . Thus, implanted SCs remain largely concentrated at the site of deposition resulting in a relatively well-defined boundary between the transplanted SCs and non-permissive spinal cord scar tissue [14] [15] [16] . Knowledge of the molecular mechanisms responsible for the formation of this boundary could potentially be used to promote migration of SCs into the neural scar thereby rendering the scar tissue more permissive for axon regeneration [17] .
Astrocytes and meningeal cells (MCs) are the two major cellular components of the scar after a SCI [10] . Currently, most studies have focused on the interaction of SCs with astrocytes after implantation or in cell culture [15, 18, 19] and several molecular mechanisms that govern this interaction, including N-cadherin mediated adhesion, Eph-ephrin signaling and aggrecan-integrin interactions [15, [20] [21] [22] , have been described. We have shown that SCs form clusters when confronted or co-cultured with MCs [23] . The development of strategies that interfere with this cluster formation may result in improved SC integration in the inhospitable spinal cord scar tissue and thereby improve the formation of axon growth supporting SC bridges after implantation in the transected spinal cord.
There are several indications that class 3 semaphorins and their receptors neuropilin-1 and neuropilin-2 (NRP1-2) [24] [25] [26] mediate the migratory behavior of SCs in the injured spinal cord. Semaphorin3A (Sema3A) expression is increased in MCs in the spinal cord after damage [27] [28] [29] . Administration of a Sema3A inhibitor following a spinal cord lesion resulted in an increase of peripheral-type myelination of regenerated axons and a strong reduction of cavity formation [30] . These effects may result from increased endogenous SC infiltration from the dorsal roots into the lesion site. SCs do express the Sema3A receptor NRP1, and cultured SCs avoid areas where Sema3A is present, an effect that is relieved in the presence of a Sema3A inhibitor [30] . Furthermore, NRP2 function is important for SC alignment in vitro [31] and after peripheral nerve damage NRP1 and NRP2 expression are both increased in SCs [32, 33] .
In this study we tested the hypothesis that the interaction between MCs and SCs is mediated by NRP1 and/or NRP2. We used an interaction assay to study MC-SC behavior in co-culture following selective knock-down of NRP1 or NRP2 in SCs. Unexpectedly, NRP1 and NRP2 knock-down had differential effects on MC-induced SC aggregation. Knockdown of NRP1 promoted SC cluster formation while knockdown of NRP2 resulted in a decreased formation of SC clusters and an increase in loosely aligned bundles of SCs.
Materials and Methods

Cell cultures
All animal experimental procedures were approved by the animal welfare committee of the Royal Netherlands Academy of Sciences. MC and SC cultures were prepared from inbred adult female Fischer 344 (180-220 gram, 8 to 10 weeks of age; Harlan, The Netherlands). The animals were deeply anesthetized with CO 2 and decapitated. SCs were prepared from sciatic nerves as described previously [4, 23] . The sciatic nerves were dissected and the epineurial sheaths were removed in Leibovitz-15 medium (L15; Invitrogen). Subsequently, the nerves were cut in segments of 1-2 mm and cultured on plastic in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal calf serum (FCS; Invitrogen) and 1% penicillin/streptomycin (PS; Invitrogen) (D-10S). For 5 consecutive weeks, the sciatic nerve explants were replated every 7 days to allow fibroblasts to migrate out of the explants. After 6 weeks, no fibroblasts could be observed and the explants were incubated overnight at 37uC in 0.05% collagenase (Invitrogen) in D-10S. The next day, the explants were centrifuged at 290 g for 3 min, dissociated in D-10S supplemented with 2 mM forskolin (Sigma-Aldrich) and 20 mg/ml pituitary extract (PEX, Sigma-Aldrich) (D-10SFP) and plated in dishes coated for 2 h at 37uC with 20 mg/ml poly-L-lysine (PLL; SigmaAldrich). After 3 days of culturing, SCs were either used for experiments or were frozen in DMEM containing 30% FCS, PS, forskolin, PEX and 10% DMSO (Sigma Aldrich) and stored in liquid nitrogen. This established SC culture procedure results in a purity of .99% based on P75 labeling [23] .
MCs were isolated from the meninges covering the olfactory bulbs. Meninges were incubated in HBSS, containing 0.125% trypsin, 0.5 mM EDTA and 0.25% collagenase for 45 min at 37uC in 5% CO 2 . Trypsinization was stopped by adding D-10S. After centrifugation for 3 min at 201 g, the pellet was resuspended in D-10S. The meninges were triturated through a 5 ml pipette, followed by a syringe with 19G and 25G needles. MCs were plated on PLL-coated 10 cm 2 dishes. Previous characterization of this established MC culture procedure indicated that the MCs in culture are a pure cell population and express a very similar profile of marker proteins as described in vivo in the normal brain and the injured brain based on the presence of retinaldehyde dehydrogenase type 2 and the absence of glial fibrillary acidic protein labeling [28] .
Transfection
SCs were transfected with siGENOME SMART pools for NRP1 or NRP2 (Dharmacon) consisting of 4 siRNA duplexes per gene to a final concentration of 100 nM. Transfection was performed according to the manufacturer's protocol, using DharmaFECT 3. In short, transfection mix was prepared by mixing siRNA and DharmaFECT 3, both diluted in serum-free medium. After incubation for 20 min at room temperature, prewarmed (37uC) medium containing 0.5% FCS was added. Culture medium was removed from the cells and replaced by transfection mix. After 4 h, transfection mix was removed and replaced by culture medium. Individual siRNAs from the SMART pools were tested at a concentration of 100 nM each. When NRP1 and NRP2 SMART pools were combined, each pool had a final concentration of 50 nM.
Interaction and confrontation assay
Interaction assays and confrontation assays were performed as previously described with small modifications [19, 23] .
Interaction assay. On day 1 SCs were plated on PLL-coated 96-wells plates with a density of 8610 3 cells/well in D-10SFP. The following day the cells were transfected with siRNA as described above. Two days later, MCs were added to the SCs with a density of 8000 cells/well in D-10SFP, and cultures were fixed 5 days later.
Confrontation assay. SCs were plated in a drop of ca. 15 ml, containing 2610 6 cells/ml, on PLL-coated coverslips. MCs were plated in another drop, containing 1.2610 6 cells/ml, directly adjacent to the drop of SCs on the same coverslip. Both the SC and the MC drop were spread into thin adjacent lines with a 10 ml pipette tip. After 4 hours, unattached cells were removed by washing with medium and cells were maintained in DF-10SFP. After 5 days of culturing, cells were fixed and confrontation assays were analyzed as described below.
Immunocytochemistry
Cultures were fixed with 4% PFA for 30 min. Fixed cells were rinsed and blocked for 30 min in PBS containing 0.1% Triton X-100 and 2% FCS (PBS-TS). Cells were incubated with S100 pAb (1:600, Dako) in PBS-TS for 2 hr at room temperature (RT), washed with PBS, and incubated with a Cy2-or Cy3-labeled secondary antibody (1:400; Jackson) in PBS-TS for 2 hr at RT. Nuclei were labeled with Hoechst 33258 (Invitrogen; 1:1000). Coverslips were washed and mounted in Mowiol. Images were captured by fluorescence microscopy.
Quantification of cell clusters S100 positive SC cluster formation in the presence of MCs was quantified using the Morphology Bioapplication on the KineticScan High Content Screening (HCS) Reader (Cellomics) as previously described and visualized [23] . The complete surface area of each well was imaged in 9 non-overlapping fields in an automated fashion. Using the Cellomics Morphology Bioapplication, cell clusters in each field were automatically outlined and the area of each cluster was determined together with the total number of clusters in the 9 fields. Total cluster area per well was calculated by adding up all measured cluster areas per well. Parameters of the bioapplication were set before starting each screen by visually inspecting the results after running the algorithm and parameters were adjusted if necessary to trace clusters accurately. For each condition, at least 2 wells were measured per experiment. Well averages were normalized to the siGlo condition per experiment. All experiments were repeated at least 3 times and the presented results are the normalized average of all wells of all experiments for each condition. Conditions were compared using the Student's t-test.
mRNA quantification
To determine the knockdown efficiency of NRP1 and NRP2, SCs were plated and transfected in 12-well plates (2.1610 5 cells/ well). The time course and the concentration of the transfection reagents were the same as in the aggregation assays. Cells were lyzed with Trizol (Invitrogen) and 20% chloroform was added. After centrifugation at 1.2610 3 g and 4uC for 15 min, the aqueous phase was removed, mixed with an equal volume of 70% ethanol and loaded on Rneasy Mini kit columns (Qiagen). RNA was isolated according to the manufacturer's protocol. cDNA was synthesized with a QuantiTect Reverse Transcription Kit (Qiagen). Real-time RT-PCR was used to quantify relative mRNA levels using SYBR GREEN PCR Master Mix (Applied Biosystems). Beta-actin, RPS24 and EF1alpha were used as reference genes. Expression levels were compared using the Student's t-test.
Results
Schwann cells and meningeal cells express both neuropilins as well as a distinct set of class 3 semaphorins
When SCs encounter MCs in culture they aggregate, align in clusters and show almost no intermingling ( Figure 1A ) [23] . Class 3 semaphorins can mediate cell repulsion and migration and are possibly involved in this interaction [27, 30] . Both SCs and MCs express the class 3 semaphorin receptors NRP1 and NRP2 ( Figure 1B ). MCs have a 10 fold higher expression of NRP1 and a 3 fold higher expression of NRP2 than SCs ( Figure 1B) . NRP2 is more abundant than NRP1 in both SCs and MCs ( Figure 1B ). SCs and MCs differ in their class 3 semaphorin expression profile: SCs predominantly express Sema3B, C and E while MCs express predominantly Sema3C and to a lesser extend Sema3A, E and F.
NRP1 and NRP2 mediate Schwann cell/meningeal cell interaction in vitro
SCs aggregate into clusters in SC/MC co-cultures [23] . The significance of NRP1 and NRP2 expression in SCs for this formation of MC-induced SC clusters was examined in loss of function interaction assays. A knockdown of NRP1 resulted in an increase of SC clusters and a clearly visible decrease of loosely aligned SCs between the clusters (Figure 2A and B) . In contrast, a knockdown of NRP2 resulted in a strong decrease of SC clusters and a clear increase in SCs that were spread out over the well surface and were loosely aligned in typical columnar arrays (Figure 2A and C) . Knockdown of NRP1 or NRP2 changed the total surface area of the wells covered by SC clusters to 137% and 54% of control level respectively (p,0.001; Figure 2D ). The increase in cluster surface area after knockdown of NRP1 was the result of a strong increase in cluster size (183%; Figure 2F ) while the decrease after knockdown of NRP2 resulted in a strong decline in the number of clusters (53%; Figure 2E ). Knockdown of NRP1 also resulted in a relatively small but significant decline in the number of clusters (77% of control levels; Figure 2E ).
Validation of the observed effects of NRP1 and NRP2
The results presented above were obtained with a pool of 4 siRNAs that target either NRP1 or NRP2. The rationale behind the use of pools of 4 siRNAs is that the concentrations of each individual siRNA can be lowered. Consequently, a potential offtarget effect of one of the siRNAs will be less severe. The on-target effect will not be decreased since all 4 individual siRNAs target the same gene. Since the 4 single duplexes are distinct sequences, knockdown results of the pools are considered confirmed when the effects can be reproduced by at least 2 of the 4 individual siRNAs [34, 35] . To examine the possibility that the observed effects in the interaction assay were caused by off-target effects, the effects of the 4 single siRNAs from the pools were studied individually. First, the knockdown of NRP1 or NRP2 was determined at the mRNA level and then the effects on cluster formation were examined. SCs that were transfected with the siNRP1 pool or the siNRP1 single siRNAs reached confluent monolayers after 3 days and expression levels of NRP1 varying from 9 to 66% of endogenous expression levels were observed ( Figure 3A) . The observed decrease in the number of SC clusters was confirmed with 3 of the single siRNA's ( Figure 3B ; p,0.01). The observed increase in cluster size was confirmed with 2 of the single siRNA's ( Figure 3C ; p,0.001). SCs that were transfected with the siNRP2 pool or the siNRP2 single siRNAs also reached confluent monolayers after 3 days and expression levels of NRP2 varied from 18 to 64% of control levels ( Figure 3D ). The decrease in the number of SC clusters was confirmed with all 4 single siRNAs ( Fig. 3E ; p,0.001).
Knockdown of NRP2 expression causes increased mRNA expression of NRP1
To investigate if the siRNA pools also affected the expression of the NRP that was not targeted by the pool, Relative gene expression was analyzed for both NRP1 and -2 after transfections with the siRNA pools targeting either NRP1, NRP2 or both. Knockdown of NRP2 resulted in an increase in mRNA expression of NRP1 to 178% of control levels ( Figure 4A) . A comparable increase of NRP1 expression after a knockdown of NRP2 was confirmed by 3 single siRNAs targeting NRP2 (data not shown). NRP2 mRNA expression did not change after knockdown of NRP1. After a co-transfection with the siNRP1 and the siNRP2 pool, NRP1 expression was decreased to 42% and NRP2 expression to 47% of control levels. Combined knock-down of NRP1 and NRP2 resulted in a relatively small increase in SC cluster size and a small decrease in cluster numbers ( Figure 4B ). No visible difference was observed in the capacity of SCs to loosely align. The combination of these effects resulted in an unchanged total surface area covered by SC clusters. 
Discussion
SCs that are implanted in the lesioned spinal cord form cellular clusters that exhibit only limited migration and intermingling with the reactive astrocytes and MCs that form the scar [10, [14] [15] [16] . This process can be studied and manipulated in cell culture. For instance in co-cultures of SCs and MCs, SCs form nonoverlapping cell clusters with well-defined boundaries [23] . In this article evidence is provided that NRPs are involved in this process.
Both SCs and MCs express NRP1 and NRP2, while SCs express predominantly Sema3B, C and E and MCs express Sema3A, C, E and F. SC mono-cultures are known to align and form columnar arrays. We now show that in SC-MC co-cultures, siRNA mediated knockdown of NRP2 in SCs decreases the formation of SC clusters while the SCs maintain their capacity to align in bands of Büngner like columnar arrays. This indicates that Figure 4 . Knockdown of NRP2 expression causes increased mRNA expression of NRP1, while simultaneous knockdown of both NRPs has no effect on the total area of SC clusters. SCs were transfected with the siNRP1 pool, the siNRP2 pool or a combination of both. (A) After 5 days the measured NRP1 mRNA expression levels were 32, 178, and 47% respectively when compared to the siGlo condition. This indicates NRP1 mRNA upregulation after knockdown of NRP2. mRNA expression levels of NRP2 after knockdown with the siNRP1 pool, the siNRP2 pool or a combination of both were 88, 36 and 42% of endogenous levels respectively. The presented values are averages of 4 independent SC transfections (p,0.05). (B) A simultaneous transfection with the siNRP1 and siNRP2 pool has no effect on the total area of SC clusters. There is a small but significant decrease in the number of clusters (78%; p,0.001) and a moderate increase in cluster size (130%; p,0.05). The presented values are averages of 3 independent experiments (P,0.05). Error bars indicate the SEM. doi:10.1371/journal.pone.0109401.g004
in SC-MC co-cultures, SC aggregation is dependent on NRP2 while SC alignment is governed by another mechanism. This hypothesis is supported by the observation that in rats deficient of NRP2, SC alignment in the bands of Büngner distal to a peripheral nerve lesion is similar to SC alignment in wild type rats [36] .
The results described here suggest that a reduction in NRP2 expression may increase the capacity of implanted SCs to integrate in the scar in the lesioned spinal cord while they remain capable of forming bands of Büngner-like structures after implantation that can direct axonal growth through the injured area [36] . MCconditioned medium has been shown to induce SC aggregation [23] . This indicates that a soluble factor is involved in the formation of SC clusters in the presence of MCs. Knockdown of NRP2 decreases SC sensitivity to the repulsive effects of class 3 semaphorins expressed by MCs and SCs such as Sema3F, which is known to regulate migration and/or adhesion by NRP2 signaling in several different cell types including neural crest cells [37] [38] [39] [40] [41] [42] . There are strong indications in neurons that both NRP2 and plexinA3 are necessary for Sema3F signal transduction [43] . Since neonatal SCs have been shown to express both NRP2 and plexin A3 [31, 43] , it is possible that a similar interaction mechanisms is required to mediate MC induced SC aggregation. The observed increase in NRP1 mRNA expression after NRP2 knockdown suggests an increase in NRP1 protein levels which could amplify this effect because NRP1 can act as a scavenger for Sema3B, C and F [41, 44] . These semaphorins do bind to NRP1 but binding to NRP1 does not transduce repulsive signals [41, 44] , thereby potentially causing a further reduction of NRP2 mediated signaling.
Unexpectedly, knockdown of NRP1 expression resulted in a significant increase in SC cluster size. The knockdown of NRP1 can result in a diminished number of class 3 semaphorin binding sites on SCs and as a consequence an enhanced concentration of class 3 semaphorins in the culture medium. These semaphorins can potentially signal through the NRP2 receptor and this could cause the observed increase in MC induced SC aggregation following NRP1 knockdown.
NRP1 expression has been shown to promote cell adhesion [45, 46] and NRPs are capable of homo-and heterotypic interactions in cis and trans [47] . Therefore the knockdown of NRPs in SCs may modify their adherence to and interaction with other SCs and/or MCs.
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